In this paper we characterize a class of passivity-based regulators for robot manipulators which, without assuming velocity measurement, aims at modifying the total energy of the closed loop and adding the required dissipation. The class is parametrized in terms of the desired closed loop total energy function, speci ed by the designer. We show that several apparently unrelated stabilizing output feedback regulators recently reported in the literature, are in fact particular cases of this class. Our results aim at providing a uni ed framework to compare di erent stabilizing schemes via analysis of their energy dissipation properties.
Introduction and Problem Formulation
We address in this paper the problem of output feedback global stabilization at a desired equilibrium point of the following well known model of a exible joints robot with n links 13] D with J 2 R n n ; J > 0 a diagonal matrix of
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actuator inertias re ected to the link side, C p (q p1 ; _ q p ) _ q p represents the Coriolis and centrifugal forces, g p1 (q p1 ) represents the gravitational terms, K is a diagonal matrix containing the joint sti ness coe cients, and u p 2 R n are the applied torques. Instrumental for further analysis is the fact that the submatrix D 12 (q p1 ) has a particular upper triangular structure as explained in 20] . A basic assumption in this paper is that only the motor shaft position q p2 is available for measurement.
The problem we consider is hence formulated as follows:
Output feedback global stabilization problem. For the system (1) design a class of internally stabilizing output feedback controllers q p2 ! u p such that for all initial conditions we have lim t!1 q p1 = q p1d where q p1d is a given constant desired link position. 
where g p1 (q p1 ) := @Vg(q p1 ) @q p1 . It is well known that in EL systems the stability of the equilibria is determined by the potential energy function. Further, these equilibria are asymptotically stable if suitable damping is present in the system. These properties motivated the development of a passivity{based controller design methodology 16] (see also 14] , 19], and 9] for an interesting historical review of this idea). This technique aims at modifying the potential energy of the closed loop and the injection of the required damping. The application of this technique is stymied by the fact that measurement of the generalized velocities is typically required to add the damping.
In 15] we proved that (for general EL systems) damping injection is still possible with only output feedback provided we can design a passive (EL) controller which satis es a dissipation propagation condition. In this paper we apply this general result to identify a class of passive controllers solving the above mentioned robot regulation problem. This provides a uni ed framework to compare di erent schemes via analysis of their energy dissipation properties. Further, we show that as particular cases of this class we can obtain the (apparently unrelated) controllers of 8] and 1], which extend to the output feedback case the controller of 20] . Other e orts aimed in the direction of our research have been reported in 11], 6], 2], 4].
The organization of this paper is the following. In Section 2 we recall some input-output and internal stability properties of EL systems which are relevant for control purposes. In particular we present here the key dissipation propagation condition for asymptotic stability of underdamped systems given in 15]. In Section 3 we de ne the class of passive stabilizing controllers for exible joint robots and show that the schemes Remark 2.1. It is important to underscore the fact that these passivity properties are independent of the shape of the potential energy function. As will become clear next, this fact allows us to naturally split the controller tasks into (potential) energy shaping for stabilization at the desired equilibrium and damping injection to make this equilibrium attractive. . This feature will be exploited below to achieve damping injection for asymptotic stabilization.
Lyapunov Stability Properties

A. Fully Damped Systems
The well known proposition below establishes conditions for internal stability of EL systems.
Proposition 2.2 15]
The equilibria of the system (3) with u = 0 are (q; _ q) = ( q; 0) where q is the solution of @V (q) @q = 0. The equilibrium is unique and stable if the potential energy is a strictly convex function with a minimum 2 . Further, this equilibrium is globally asymptotically stable (GAS) if the Rayleigh dissipation function is input strictly passive.
B. Underdamped Systems
In the following proposition we show that asymptotic stability can still be insured even when energy is not dissipated \in all directions" provided the inertia matrix D(q) has a certain block diagonal structure, and the dissipation is suitably propagated. This result, though extremely simple, will be fundamental for our output feedback stabilization problem where damping will be injected only through the controller coordinates. To distinguish between the damped and undamped coordinates we introduce the following partition of q: Remark 2.3. Roughly speaking, the dissipation propagation condition 3 of the proposition above rules out the possibility of having wandering trajectories that do not induce forces on the damped part of the system. The energy of these forces in its turn is dissipated in the damped subsystem until the equilibrium is reached. From the technical viewpoint it allows us to apply LaSalle's theorem to conclude asymptotic stability. The condition clearly has the avor of the detectability assumption required to relate asymptotic stability with input-output stability 10].
Passive Controllers for Flexible Joints Robots
We now use the input{output and internal stability properties established above to derive a family of output feedback globally stabilizing passive controllers for exible joints robots. That is, we want to de ne a class of controllers which, preserving the EL structure in closed loop, suitably modi es the energy and dissipation properties of the robot manipulator so as to satisfy the conditions of proposition 2.3. (6) yielding the closed loop system illustrated in the gure below 
Remark 3.1. Before enunciating our main result a comment concerning our notation is in order. We use subindex c for the controller coordinates, i.e. the damped ones, subindex p for the robot coordinates, i.e. the undamped ones, and nally use subindex cl for the closed loop system coordinates.
Main Result
Our main result is contained in the proposition below. Under these conditions, the closed loop system (5), (6) and (1) has (q cl ; _ q cl ) = ( q cl ; 0) as unique equilibrium which is globally asymptotically stable.
Proof
To establish the proof we will verify the conditions of proposition 2.3. First, assumption A.1 insures the potential energy is suitably shaped via V c (q c ; q p2 ). Second, the block diagonal structure of D cl (q cl ) of condition 1 is automatically satis ed. Third, the dynamic extension we just introduced injects damping through F c ( _ q c ) thus condition 2 is also satis ed. Henceforth, the only remaining condition to be veri ed is the damping propagation 3, which is now required only for @Vc(qc;q p2 ) @qc = 0. Now, notice that A.2 concerns only q p2 , while condition Remark 3.3. It is clear that the kinetic energy of the controller plays no role on the stabilization task. In fact, as will be illustrated below, it can be trivially chosen as T c = 0. This, rather unusual EL system, is obtained neglecting the masses in a lumped parameter realization of the controller.
Examples
In this section we will derive the controllers reported in 1] and 8] as particular cases of the class characterized by proposition 3.1.
First Controller
According to our main result we rst propose an EL controller with EL parameters 
The damping injection matrix R c is chosen as a positive de nite diagonal matrix, hence = (R c ).
(Energy Shaping) We need to insure that our EL controller (12), (13) shapes the closed loop systems potential energy to make it strictly convex with an absolute minimum at the desired equilibrium point.
To this end, we calculate @V cl (q cl ) @q cl = 0 as 
from the above equations we see that de ning the constant
insures (14) has a solution of the required form q p1 = q p1d , q p2 = q p1d + K ?1 g p1 (q p1d ), and q c = q p1d + (K ?1 + K ?1 2 )g p1 (q p1d ). Equations (12), (13) and (15) (16) then setting q c = const, clearly implies q p2 = const. 4 The number 6 is not magic, is an upperbound chosen here for simplicity. See the exact calculation and its derivation in 1]. 
Simulation Results
In this section we illustrate through simulations the performance of both EL controlers treated in section 4. We have used the two deggrees of freedom simpli ed model of 5] for which we have considered a joint sti ness of K = 3500I. The constant reference to be followed was q p1d = 4 ; 4 ] T with zero intial conditions. 
Concluding Remarks
We have de ned a class of passivity-based globally stabilizing regulators for exible joint robots. The regulators are chosen to be EL systems, hence both the controller and the closed loop are passive. The conditions for stabilization are given in terms of the controllers potential energy and Rayleigh dissipation functions. It is important to underscore that the controller kinetic energy is essentially a free parameter. Further investigation is required to evaluate the performance enhancement {besides asymptotic stability{ achievable with a suitable choice of this parameter.
It is clear that choosing the controller in the EL class is restrictive. For instance, the recent globally stabilizing linear controller of 4] which measures link position does not seem to t in the present framework. However, it is our belief that this choice is physically motivated and allows for a simple mathematical treatment where the storage (Lyapunovlike) functions are precisely the subsystems energies.
One potential drawback of our design technique is that to achieve the energy shaping exact knowledge of the systems potential energy is required. See the de nition of in the examples. In a recent report 17] we managed to relax this assumption for the rigid robot control problem. 
